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(57) ABSTRACT 

A printing method that includes Supplying ink from an ink 
reservoir through an ink channel that connects the ink 
reservoir with ink ejection chambers formed on a first 
Surface of a Substrate. The ink channel is connected at a first 
end to the ink reservoir and at a Second end to a separate inlet 
passage for refilling each of the ink ejection chambers with 
ink. A group of the ink ejection chambers in adjacent 
relationship forms one of a plurality of primitives on the first 
Surface of the Substrate in which only a maximum of one of 
the ink ejection chambers is energized at a time. An ejection 
element within one of the ink ejection chambers is energized 
to cause the plurality of ink drops to be ejected onto a media 
Surface at a single pixel location in a Single pass of the 
Substrate over the media Surface. 

44 Claims, 20 Drawing Sheets 
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MULTI-DROP MERGE ON MEDIA 
PRINTING SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to U.S. patent application Ser. 
No. 08/960,928 filed concurrently herewith, entitled “ Appa 
ratus for Generating Small Volume, High Velocity Ink 
Droplets in an Inkjet Printer”; U.S. patent application Ser. 
No. 08/960,945, filed concurrently herewith, entitled “ Appa 
ratus and Method for Generating High Frequency Ink Ejec 
tion and Ink Chamber Refill’; and U.S. patent application 
Ser. No. 08/796,835 filed Feb. 6, 1997, entitled “Fractional 
Dot Column Correction for Scan Axis Alignment During 
Printing,” now U.S. Pat. No. 5,923,344. The foregoing 
commonly assigned patent applications are herein incorpo 
rated by reference. 

FIELD OF THE INVENTION 

The present invention generally relates to inkjet printers 
and more particularly to apparatus and methods for gener 
ating photographic quality images on a color inkjet printer. 

BACKGROUND OF THE INVENTION 

Thermal inkjet hardcopy devices Such as printers, large 
format plotters/printers, facsimile machines and copiers 
have gained wide acceptance. These hardcopy devices are 
described by W. J. Lloyd and H. T. Taub in “Ink Jet 
Devices.” Chapter 13 of Output Hardcopy Devices (Ed. R. 
C. Durbeck and S. Sherr, San Diego: Academic Press, 1988) 
and U.S. Pat. Nos. 4,490,728 and 4,313,684. The basics of 
this technology are further disclosed in various articles in 
several editions of the Hewlett-Packard Journal Vol. 36, 
No. 5 (May 1985), Vol. 39, No. 4 (August 1988), Vol.39, 
No. 5 (October 1988), Vol.43, No. 4 (August 1992), Vol.43, 
No. 6 (December 1992) and Vol. 45, No. 1 (February 1994)), 
incorporated herein by reference. Inkjet hardcopy devices 
produce high quality print, are compact and portable, and 
print quickly and quietly because only ink Strikes the paper. 
An inkjet printer forms a printed image by printing a 

pattern of individual dots at particular locations of an array 
defined for the printing medium. The locations are conve 
niently visualized as being Small dots in a rectilinear array. 
The locations are sometimes termed "dot locations”, “dot 
positions', or “pixels'. Thus, the printing operation can be 
viewed as the filling of a pattern of dot locations with dots 
of ink. 

Inkjet hardcopy devices print dots by ejecting very Small 
drops of ink onto the print medium and typically include a 
movable carriage that Supports one or more printheads each 
having ink ejecting nozzles. The carriage traverses over the 
Surface of the print medium, and the nozzles are controlled 
to eject drops of ink at appropriate times pursuant to 
command of a microcomputer or other controller, wherein 
the timing of the application of the ink drops is intended to 
correspond to the pattern of pixels of the image being 
printed. 

The typical inkjet printhead (i.e., the Silicon Substrate, 
Structures built on the Substrate, and connections to the 
Substrate) uses liquid ink (i.e., dissolved colorants or pig 
ments dispersed in a Solvent). It has an array of precisely 
formed orifices or nozzles attached to a printhead Substrate 
that incorporates an array of ink ejection chambers which 
receive liquid ink from the ink reservoir. Each chamber is 
located opposite the nozzle So ink can collect between it and 
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2 
the nozzle. The ejection of ink droplets is typically under the 
control of a microprocessor, the Signals of which are con 
veyed by electrical traces to the ink ejection element. When 
electric printing pulses activate the ink ejection element, a 
Small portion of the ink next to it vaporizes and ejects a drop 
of ink from the printhead. Properly-arranged nozzles form a 
dot matrix pattern. Properly Sequencing the operation of 
each nozzle causes characters or images to be printed upon 
the paper as the printhead moves past the paper. 
The ink cartridge containing the nozzles is moved repeat 

edly across the width of the medium to be printed upon. At 
each of a designated number of increments of this movement 
acroSS the medium, each of the nozzles is caused either to 
eject ink or to refrain from ejecting ink according to the 
program output of the controlling microprocessor. Each 
completed movement across the medium can print a Swath 
approximately as wide as the number of nozzles arranged in 
a column of the ink cartridge multiplied by the distance 
between nozzle centers. After each Such completed move 
ment or Swath the medium is moved forward the width of the 
Swath, and the ink cartridge begins the next Swath. By proper 
Selection and timing of the Signals, the desired print is 
obtained on the medium. 

In an inkjet printhead ink is fed from an ink reservoir 
integral to the printhead or an “off-axis” ink reservoir which 
feeds ink to the printhead via tubes connecting the printhead 
and reservoir. Ink is then fed to the various ink ejection 
chambers either through an elongated hole formed in the 
center of the bottom of the Substrate, “center feed,” or 
around the Outer edges of the Substrate, "edge feed.” In 
center feed the ink then flows through a central slot in the 
Substrate into a central manifold area formed in a barrier 
layer between the Substrate and a nozzle member, then into 
a plurality of ink channels, and finally into the various ink 
ejection chambers. In edge feed ink from the ink reservoir 
flows around the Outer edges of the Substrate into the ink 
channels and finally into the ink ejection chambers. In either 
center feed or edge feed, the flow path from the ink reservoir 
and the manifold inherently provides restrictions on ink flow 
to the ink ejection chambers. 

Color inkjet hardcopy devices commonly employ a plu 
rality of print cartridges, usually two to four, mounted in the 
printer carriage to produce a fill Spectrum of colors. In a 
printer with four cartridges, each print cartridge can contain 
a different color ink, with the commonly used base colors 
being cyan, magenta, yellow, and black. In a printer with two 
cartridges, one cartridge can contain black ink with the other 
cartridge being a tri-compartment cartridge containing cyan, 
magenta and yellow inks, or alternatively, two dual 
compartment cartridges may be used to contain the four 
color inkS. In addition, two tri-compartment cartridges may 
be used to contain six base color inks, for example, black, 
cyan, magenta, yellow, light cyan and light magenta. 
Further, other combinations can be employed depending on 
the number of different base color inks to be used. 

The base colors are produced on the media by depositing 
a drop of the required color onto a dot location, while 
Secondary or shaded colors are formed by depositing mul 
tiple drops of different base color inks onto the same or an 
adjacent dot location, with the overprinting of two or more 
base colors producing the Secondary colors according to 
well established optical principles. 

In color printing, the various colored dots produced by 
each of the print cartridges are Selectively overlapped to 
create crisp images composed of Virtually any color of the 
Visible spectrum. To create a single dot on paper having a 
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color which requires a blend of two or more of the colors 
provided by different print cartridges, the nozzle plates on 
each of the cartridges must be precisely aligned So that a dot 
ejected from a Selected nozzle in one cartridge overlaps a dot 
ejected from a corresponding nozzle in another cartridge. 

The print quality produced from an inkjet device is 
dependent upon the reliability of its ink ejection elements. A 
multi-pass print mode can partially mitigate the impact of 
the malfunctioning ink ejection elements on the print quality. 
The concept of printmodes is a useful and well-known 
technique of laying down in each pass of the printhead only 
a fraction of the total ink required in each Section of the 
image, So that any areas left white in each pass are filled in 
by one or more later passes. This tends to control bleed, 
blocking and cockle by reducing the amount of liquid that is 
on the page at any given time. 

The Specific partial-inking pattern employed in each pass, 
and the way in which these different patterns add up to a 
Single fully inked image, is known as a "printmode.” Print 
modes allow a trade-off between Speed and image quality. 
For example, a printer's draft mode provides the user with 
readable text as quickly as possible. Presentation, also 
known as best mode, is slow but produces the highest image 
quality. Normal mode is a compromise between draft and 
presentation modes. Printmodes allow the user to choose 
between these trade-offs. It also allows the printer to control 
Several factors during printing that influence image quality, 
including: 1) the amount of ink placed on the media per dot 
location, 2) the speed with which the ink is placed, and, 3) 
the number of passes required to complete the image. 
Providing different printmodes to allow placing ink drops in 
multiple Swaths can help with hiding nozzle defects. Dif 
ferent printmodes are also employed depending on the 
media type. 

One-pass mode operation is used for increased throughput 
on plain paper. Use of this mode on other paperS will result 
in too large of dots on coated papers, and ink coalescence on 
polyester media. In a one-pass mode, all dots to be fired on 
a given row of dots are placed on the medium in one Swath 
of the print head, and then the print medium is advanced into 
position for the next Swath. 
A two-pass printmode is a print pattern wherein one-half 

of the dots available for a given row of available dots per 
Swath are printed on each pass of the printhead, So two 
passes are needed to complete the printing for a given row. 

Similarly, a four-pass mode is a print pattern wherein one 
fourth of the dots for a given row are printed on each pass 
of the printhead. Multiple pass thermal ink-jet printing is 
described, for example, in commonly assigned U.S. Pat. 
Nos. 4,963,882 and 4,965,593. In general it is desirable to 
use the minimum number of passes per full Swath area to 
complete the printing in order to maximize the printer 
throughput, and reduce undesirable visible printing artifacts. 

The ability to achieve good tone Scale is crucial to 
achieving photographic image quality. In the highlight 
region of the tone Scale, nearly invisible dots and lack of 
grainineSS are required. Areas of Solid fill require Saturated 
colors, high optical density and no white Space. Also, the 
ability to place more than one drop from a given printhead 
into a pixel is essential to achieving this photographic image 
quality. Another important attribute of an imaging System is 
high throughput. 

Previous methods Such as multi-pass printing described 
above put more than one drop from a given printhead in a 
pixel, but this is done on Separate passes. The disadvantages 
of this approach are: (1) throughput is compromised because 
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4 
a separate pass is required for each drop placed from a given 
printhead onto a pixel, (2) in areas of high density printing, 
drops are put into every pixel on every pass which leads to 
dot coalescence which degrades image quality, and (3) it is 
an inefficient way to cover white Space in the midtone 
regions of the tone Scale where slight drop placement 
variations are required to fill in white space which is difficult 
when multiple drops are placed on a pixel in Separate passes. 

Another Solution for achieving good tone Scales is to use 
a six-ink printing System. This approach uses black ink, 
yellow ink, light cyan ink, dark cyan ink, light magenta ink 
and dark magenta ink. Good image quality is achieved in 
highlight regions by using only the yellow, light cyan and 
light magenta inkS. The black, dark cyan and dark magenta 
inks are used in more Saturated areas of the image. The 
disadvantages of this System are (1) the complexity of 
having a six-ink System (more inks, more complicated color 
maps and product cost and size) and (2) transitions that 
degrade image quality are observed in the tone Scale when 
the dark cyan and dark magenta, which are highly visible, 
are first used. 

Another approach to form different dot sizes is to use 
multiple drop volumes on the same printhead (See, U.S. Pat. 
No. 4,746,935). The primary disadvantage of this approach 
is the need for multiple drop generators which increases cost 
and complexity. 
Even when using the above described methods and 

apparatus, the creation of crisp and Vibrant images with 
accurate tone equal to those produced by conventional Silver 
halide photography has not been achieved. 
Due to the increasing use of digital cameras to produce 

digital images and the use of Scanners to input conventional 
photographs into personal computers, the demand has rap 
idly increased for printers which can produce photographic 
quality prints from these images. Accordingly, there is a 
need for printers which can produce photographic quality 
prints. 

SUMMARY OF THE INVENTION 

The present invention is a method for printing that 
includes Supplying ink from an ink reservoir through an ink 
channel connecting the reservoir with ink ejection chambers 
formed on a first Surface of a Substrate. The channel is 
connected at a first end with the reservoir and at a Second end 
to a separate inlet passage for refilling each ejection chamber 
with ink. A group of the ejection chambers in adjacent 
relationship forms one of a plurality of primitives on the first 
Surface of the Substrate in which only a maximum of one 
ejection chamber of each of the primitives is energized at a 
time. Energizing an ejection element formed on a first 
Surface of the Substrate within each of the ink ejection 
chambers causes a plurality of ink drops to be ejected from 
the ink ejection chamber onto a media Surface at a single 
pixel location in a Single pass of the Substrate over the 
media. The plurality of ink drops are maintained as Substan 
tially Separate drops until the plurality of ink drops merge 
upon impact with the media. 

The above invention has Several advantages of over 
previous printing Systems and methods. In the present inven 
tion individual drops of ink merge on the media to form a 
composite drop of the individual drops. This printing 
method is an efficient way to create high quality images at 
high throughput. Highlight regions are formed by using 
Single drops to form a dot. Individual drops are nearly 
invisible and can be used to form highlights with low 
graininess. AS the density of the image increases, multi-drop 
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dots are formed with two or more drops merging on the 
media. By allowing drops to merge together on media in a 
given pass, white Space is more efficiently covered than with 
previous approaches. In previous multi-drop printing SyS 
tems the first drop ejected in a multi-drop burst was the 
largest and had the lowest drop Velocity and Successive 
drops after the first ejected drop were significantly lower in 
Volume. However, to create a Smooth gray level ramp, it is 
desirable to have drop Velocities and drop Volumes remain 
nearly constant for each individual drop in the multi-drop 
burst. In the present invention the drop Volume and Velocity 
of the individual drops in a high frequency burst remain 
nearly constant. 

Highlight regions may be formed by using Single low 
volume drops to form a dot. The individual drops are nearly 
invisible and can be used to form highlights with low 
graininess. AS the density of the image increases, multiple 
drop dots are formed from two or more drops merging on a 
Single pixel on the media to form a composite drop. These 
multiple-drop dots are laid down in a Single pass. 
A multi-drop printing System has Several advantages for 

achieving photographic image quality: (1) merging drops in 
flight is not required, (2) ability to do one pass gray Scale 
printing, (3) nearly linear increase in drop volume and dot 
area as the number of drops in a burst is increased, (4) can 
build up dot size/density without transitions from light to 
dark inks using only 3 or 4 inks, and (5) Since the individual 
dots are very Small, high colorant level inkS can be used to 
achieve excellent image quality with low ink per unit area. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of one embodiment of an 
inkjet printer incorporating the present invention. 

FIG. 2 is a top perspective view of a Single print cartridge. 
FIG. 3 is a bottom perspective view a Single print car 

tridge. 
FIG. 4 is a schematic perspective view of the back side of 

a simplified printhead assembly. 
FIG. 5 is a top perspective view, partially cut away, of a 

portion of the Tape Automated Bonding (TAB) head assem 
bly showing the relationship of an orifice with respect to a 
ink ejection chamber, a heater ink ejection element, and an 
edge of the Substrate. 

FIG. 6 is a cross-sectional view of the printhead assembly 
showing the flow of ink to the ink ejection chambers in the 
printhead. 

FIG. 7 is a top plan view of a magnified portion of a 
printhead showing two ink ejection chambers and the asso 
ciated barrier Structure and ink ejection elements. 

FIG. 8 is an elevational cross-sectional view of the 
printhead assembly of FIG. 7 showing the thickness of the 
barrier layer and the nozzle member. 

FIG. 9 is a top plan Schematic view of one arrangement 
of primitives and the associated ink ejection elements and 
nozzles on a printhead, with the long axis of the array 
perpendicular to the Scan direction of the printhead. 

FIG. 10 is a top plan view of a printhead nozzle array with 
a Straight line of nozzles, with the array perpendicular to the 
Scan direction of the printhead. 

FIG. 11 is an enlarged Schematic diagram of the address 
Select lines and a portion of the associated ink ejection 
elements, primitive Select lines and ground lines. 

FIG. 12 is a Schematic diagram of one ink ejection 
element of FIG. 11 and its associated address line, drive 
transistor, primitive Select line and ground line. 

15 

25 

35 

40 

45 

50 

55 

60 

65 

6 
FIG. 13 is a Schematic timing diagram for the Setting of 

the address Select and primitive Select lines. 
FIG. 14 is a Schematic diagram of the firing Sequence for 

the address Select lines when the printer carriage is moving 
from left to right. 

FIG. 15 shows the sub-columns for 4 drops and 8 drops 
per column or pixel. 

FIG. 16 shows how the printhead architecture of the 
present invention enables improved print quality. 

FIG. 17 shows how the printhead architecture of the 
present invention enables high frequency bursts to modulate 
drop Volume. 

FIG. 18 shows the difference in building up dot coverage 
with laying down multi-drops in one pass printing and 
multi-pass printing where drops are laid down in Separate 
passes. 

FIG. 19 shows an example of multi-drop vs single drop 
multi-pass printing, using one to four drops using the same 
printhead and media with only the printmode being changed. 

FIG. 20 shows a more efficient dot diameter growth with 
multi-drop printing than with multi-pass printing. 

FIG. 21 shows the diameter for multi-drop dots that are 
formed by one to eight drops merging on the media to form 
dots. 

FIG.22 shows dot size growth from one to eight drops for 
two different ink systems. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

While the present invention will be described below in the 
context of an off-axis printer having an external ink Source, 
it should be apparent that the present invention is also useful 
in an inkjet printer which uses inkjet print cartridges having 
an ink reservoir integral with the print cartridge. 

FIG. 1 is a perspective view of one embodiment of an 
inkjet printer 10 Suitable for utilizing the present invention, 
with its cover removed. Generally, printer 10 includes a tray 
12A for holding Virgin paper. When a printing operation is 
initiated, a sheet of paper from tray 12A is fed into printer 
10 using a sheet feeder, then brought around in a U direction 
to now travel in the opposite direction toward tray 12B. The 
sheet is stopped in a print Zone 14, and a Scanning carriage 
16, Supporting one or more print cartridges 18, is then 
Scanned acroSS the sheet for printing a Swath of ink thereon. 
After a single Scan or multiple Scans, the Sheet is then 
incrementally shifted using a conventional Stepper motor 
and feed rollers to a next position within the print Zone 14, 
and carriage 16 again Scans across the sheet for printing a 
next swath of ink. When the printing on the sheet is 
complete, the sheet is forwarded to a position above tray 
12B, held in that position to ensure the ink is dry, and then 
released. 
The carriage 16 Scanning mechanism may be conven 

tional and generally includes a slide rod 22, along which 
carriage 16 slides, a flexible circuit (not shown in FIG. 1) for 
transmitting electrical Signals from the printer's micropro 
ceSSor to the carriage 16 and print cartridges 18 and a coded 
Strip 24 which is optically detected by a photo detector in 
carriage 16 for precisely positioning carriage 16. A Stepper 
motor (not shown), connected to carriage 16 using a con 
ventional drive belt and pulley arrangement, is used for 
transporting carriage 16 acroSS print Zone 14. 
The features of inkjet printer 10 include an ink delivery 

System for providing ink to the print cartridges 18 and 
ultimately to the ink ejection chambers in the printheads 
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from an off-axis ink Supply Station 30 containing replaceable 
ink supply cartridges 31, 32, 33, and 34, which may be 
preSSurized or at atmospheric pressure. For color printers, 
there will typically be a separate ink Supply cartridge for 
black ink, yellow ink, magenta ink, and cyan ink. Four tubes 
36 carry ink from the four replaceable ink Supply cartridges 
31-34 to the print cartridges 18. 

Referring to FIGS. 2 and 3, a flexible tape 80 containing 
contact pads 86 leading to electrodes 87 (not shown) on 
printhead substrate 88 is secured to print cartridge 18. These 
contact pads 86 align with and electrically contact electrodes 
(not shown) on carriage 16. An integrated circuit chip or 
memory element 78 provides feedback to the printer regard 
ing certain parameterS Such as nozzle trajectories and drop 
volumes of print cartridge 18. Tape 80 has a nozzle array, or 
nozzle member, 79 consisting of two rows of nozzles 82 
which are laser ablated through tape 80. An ink fill hole (not 
numbered) is used to initially fill print cartridge 18 with ink. 
A stopper (not shown) is intended to permanently Seal the 
ink fill hole after the initial filling. 
A regulator valve (not shown) within print cartridges 18 

regulates pressure by opening and closing an inlet hole to an 
ink chamber internal to print cartridges 18. When the 
regulator valve is opened, hollow needle 60 is in fluid 
communication with an ink chamber (not shown) internal to 
the cartridge 18 and the off-axis ink supply. When in use in 
the printer 10, the print cartridges 18 are in fluid commu 
nication with an off-carriage ink Supply 31-34 that is releas 
ably mounted in an ink supply station 30. 

Referring to FIGS. 3 and 4, printhead assembly 83 is 
preferably a flexible polymer tape 80 having a nozzle 
member array 79 containing nozzles 82 formed therein by 
laser ablation. Conductors 84 are formed on the back of tape 
80 and terminate in contact pads 86 for contacting electrical 
contacts on carriage 16. The other ends of conductorS 84 are 
bonded to electrodes 87 of Substrate 88 on which are formed 
the various ink ejection chambers and ink ejection elements. 
The ink ejection elements may be heater ink ejection ele 
ments or piezoelectric elements. 
A demultiplexer (not shown) may be formed on substrate 

88 for demultiplexing the incoming multiplexed signals 
applied to the electrodes 87 and distributing the address and 
primitive signals to the various ink ejection elements 96 to 
reduce the number of contact pads 86 required. The incom 
ing multiplexed signals include address line and primitive 
firing Signals. The demultiplexer enables the use of fewer 
contact pads 86, and thus electrodes 87, than ink ejection 
elements 96. The demultiplexer may be any decoder for 
decoding encoded Signals applied to the electrodes 87. The 
demultiplexer has input leads (not shown for simplicity) 
connected to the electrodes 87 and has output leads (not 
shown) connected to the various ink ejection elements 96. 
The demultiplexer demultiplexes the incoming electrical 
Signals applied to contact pads 86 and Selectively energizes 
the various ink ejection elements 96 to eject droplets of ink 
from nozzles 82 as nozzle array 79 scans across the print 
Zone. Further details regarding multiplexing are provided in 
U.S. Pat. No. 5,541,629, issued Jul. 30, 1996, entitled 
“Printhead with Reduced Interconnections to a Printer,” 
which is herein incorporated by reference. 

Preferably, an integrated circuit logic using CMOS tech 
nology should be placed on Substrate 88 in place of the 
demultiplexer in order to decode more complex incoming 
data Signals than just multiplexed address Signals and primi 
tive signals, thus further reduce the number of contact pads 
86 required. The incoming data Signals are decoded in the 
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integrated logic circuits on the printhead into address line 
and primitive firing Signals. Performing this operation in the 
integrated logic circuits on the printhead increases the Signal 
processing Speed and the burst frequency to be discussed 
below. 

Also formed on the surface of the substrate 88 using 
conventional photo lithographic techniques is the barrier 
layer 104, which may be a layer of photo resist or some other 
polymer, in which is formed the ink ejection chambers 94 
and ink channels 132. 

FIG. 5 is an enlarged view of a Single ink ejection 
chamber 94, ink ejection elements 96, and frustum shaped 
orifice 82 after the Substrate structure is secured to the back 
of the flexible circuit 80 via the thin adhesive layer 106. A 
side edge of the substrate 88 is shown as edge 114. In 
operation, ink flows from the ink reservoir 12 around the 
side edge 114 of the Substrate 88, and into the ink channel 
132 and associated ink ejection chamber 94, as shown by the 
arrow 92. Upon energization of the ink ejection element 96, 
a thin layer of the adjacent ink is Superheated, causing ink 
ejection and, consequently, causing a droplet of ink to be 
ejected through the orifice 82. The ink ejection chamber 94 
is then refilled by capillary action. 

FIG. 6 illustrates the flow of ink 92 from the ink chamber 
61 within print cartridge 18 to ink ejection chambers 94. 
Energization of the ink ejection elements 96 cause a droplet 
of ink 101,102 to be ejected through the associated nozzles 
82. A photo resist barrier layer 104 defines the ink channels 
and chambers, and an adhesive layer 106 affixes the flexible 
tape 80 to barrier layer 104. Another adhesive 108 provides 
a seal between tape 80 and the plastic print cartridge body 
110. 
The assembly of the printhead may be similar to that 

described in U.S. Pat. No. 5,278,584, by Brian Keefe, et al., 
entitled “Ink Delivery System for an Inkjet printhead.” 
assigned to the present assignee and incorporated herein by 
reference. 
The frequency limit of a thermal inkjet pen is limited by 

resistance in the flow of ink to the nozzle. However, Some 
resistance in ink flow is necessary to damp meniscus 
oscillation, but too much resistance limits the upper fre 
quency at which a print cartridge can operate. The inlet 
channel geometry, barrier thickness, shelf length or inlet 
channel length which is the distance between the ink ejec 
tion elements and the edge of the Substrate, must be properly 
sized to enable fast refill of ink into the ink chamber 94 while 
also minimizing Sensitivity to manufacturing variations. AS 
a consequence, the fluid impedance is reduced, resulting in 
a more uniform frequency response for all nozzles. An 
additional component to the fluid impedance is the entrance 
to the ink ejection chamber 94. The entrance comprises a 
thin region between the nozzle 82 and the Substrate 88 and 
its height is essentially a function of the thickness of the 
barrier layer 104. This region has high fluid impedance, 
Since its height is Small. 
To increase resolution and print quality, the printhead 

nozzles must be placed closer together. This requires that 
both heater ink ejection elements and the associated orifices 
be placed closer together. To increase printer throughput, the 
firing frequency of the ink ejection elements must be 
increased. When firing the ink ejection elements at high 
frequencies, conventional ink channel barrier designs either 
do not allow the ink ejection chambers to adequately refill or 
allow extreme blowback or catastrophic overshoot and pud 
dling on the exterior of the nozzle member. Also, the closer 
spacing of the ink ejection elements create Space problems 
and restricted possible barrier Solutions due to manufactur 
ing concerns. 
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FIGS. 7 an 8 show a printhead architecture that is advan 
tageous when the printing of very high dot density, low drop 
Volume, high drop velocity and high frequency ink ejection 
is required. However, at high dot densities and at high ink 
ejection rates croSS-talk between neighboring ejection cham 
bers becomes a Serious problem. During the ejection of a 
Single drop, an ink ejection element displaces ink out of 
nozzle 82 in the form of a drop. At the same time, ink is also 
displaced back into the ink channel 132. The quantity of ink 
so displaced is often described as “blowback volume.” The 
ratio of ejected Volume to blowback Volume is an indication 
of ejection efficiency. In addition to representing an inertial 
impediment to refill, blowback Volume causes displace 
ments in the menisci of neighboring nozzles. When these 
neighboring nozzles are fired, Such displacements of their 
meniscicause deviations in drop Volume from the nominally 
equilibrated Situation resulting in non-uniform dots being 
printed. An embodiment of the present invention shown in 
the printhead assembly architecture of FIG. 7 is designed to 
minimize Such cross-talk effects. 

The ink ejection chambers 94 and ink channels 132 are 
shown formed in barrier layer 104. Ink channels 132 provide 
an ink path between the Source of ink and the ink ejection 
chambers 94. The flow of ink into the ink channels 132 and 
into the ink ejection chambers 94 is via ink flow around the 
side edges 114 of the substrate 88 and into the ink channels 
132. The ink ejection chambers 94 and ink channels 132 may 
be formed in the barrier layer 104 using conventional photo 
lithographic techniques. The barrier layer 104 may comprise 
any high quality photo resist, such as VacrelTM or ParadTM. 

Ink ejection elements 96 are formed on the surface of the 
Silicon Substrate 88. AS previously mentioned, ink ejection 
elements 96 may be well-known piezoelectric pump-type 
ink ejection elements or any other conventional ink ejection 
elements. Peninsulas 149 extending out to the edge of the 
Substrate provide fluidic isolation of the ink ejection cham 
bers 94 from each other to prevent cross-talk. The pitch D of 
the ink ejection chambers 94, shown below in Table II, 
provides for 600 dots per inch (dpi) printing using two rows 
of ink ejection chambers 94. 

While the ink ejection elements and ink ejection chambers 
are shown as essentially being square in FIG. 7, it will be 
appreciated that they can be rectangular or circular in Shape. 
The definition of the dimensions of the various elements 
shown in FIGS. 7 and 8 are provided in Table I. 

TABLE I 

DEFINITIONS FOR DIMENSIONS OF 
PRINTHEAD ARCHITECTURE 

Dimension Definition 

Barrier Thickness 
Nozzle Member Thickness 

Orifice/Ink Ejection Element Pitch 
Ink Ejection Element Length 
Ink Ejection Element Width 
Nozzle Entrance Diameter 

Nozzle Exit Diameter 
Chamber Length 
Chamber Width 
Channel Length 
Channel Width 

Barrier Peninsula Width 
Entrance Chamber Gap 
Back Wall Chamber Gap 

Side Chamber Gap 
Side Chamber Gap 

Inlet Channel Length 

Table II lists the nominal values, as well as their preferred 
ranges, of Some of the dimensions of the printhead assembly 
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structure of FIGS. 7 and 8. It should be understood that the 
preferred ranges and nominal values of an actual embodi 
ment will depend upon the intended operating environment 
of the printhead assembly, including the type of ink used, the 
operating temperature, the printing Speed, and the dot den 
sity. 

TABLE II 

INK CHAMBER DIMENSIONS IN MICRONS 

Dimension Minimum Nominal Maximum 

B 8 14 2O 
C 15 25.4 39 
D 84.7 
F 11 17 23 
G 11 17 23 
H 24 34 44 
I 8 12 14 
J 2O 27 38 
K 2O 27 38 
M 15 3O 45 
N 12 2O 3O 
O 1O 23 40 
P 2 6 12 
O 2 6 9 
R 2 5 9 
S 2 5 9 
U 70 160 22O 

Previous FIGS. 7 and 8 and Table II show the design 
features and dimensions characteristics of printheads which 
can be used to Successfully print photographic quality 
images at a very high drop ejection frequency and a constant 
small drop volume of less than 10 picoliters. The printhead 
architecture design is a key factor of the present invention. 
Flex circuit 80 thickness has to be matched to the dimen 
sions of the ink channel 132, ejection chamber 94, ink 
ejection element 96, barrier 104 thickness and design, as 
well as the ink formulation. Simply reducing the horizontal 
dimensions F, G, H, I, J and Kof the ink chamber 94 reduces 
the Volume of the ejected drops, but creates a low drop 
ejection velocity. Referring to Table III, a standard 2-mil 
(50.8 micron) flex circuit 80 and a nozzle outlet diameter of 
14 microns creates a long nozzle with a C/I of approximately 
4.0. Consequently, drops are ejected at a Velocity of approxi 
mately 3.5-7.5 meters/second which is too low. These low 
Velocity drops can lead to nozzle plugs, mis-direction, and 
thermal inefficiency. 

TABLE III 

Nozzle Barrier Orifice Resistor Drop Drop 
Thickness Thickness Diameter Size Volume Velocity 

C B I F, G CII Picoliters meters/sec 

SO.8 14 14 17 3.6 3.5 3.0 
SO.8 14 14 21 3.6 5.9 7.5 
25.4 14 12 17 2.1 5.3 14.O 

Referring to again to Table III, the ink ejection chamber 
94 can eject Small drops in high frequency bursts when the 
nozzle member 82 thickness is matched to ink ejection 
element 96 size, barrier 104 thickness, and nozzle 82 exit 
diameter. As shown in Table III, the drop velocity is nearly 
doubled when nozzle 82 or flex circuit 80 thickness is 
reduced from 50.8 microns to 25.4 microns. The surprising 
result of using a 25.4 micron flex circuit 80 or nozzle 
member 82 leads to a robust, reliable design that is thermally 
efficient. 
The present invention has Several advantages over previ 

ous printing Systems and methods. The drop Volume and 
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Velocity of the individual drops in high frequency bursts in 
the range of 15 to 60 kHz remain nearly constant at 
approximately 3-5 picoliters (pl) and Velocities greater than 
10 meters per Second (m/s), respectively. In previous print 
head architectures the first drop ejected from the ink ejection 
chamber 94 was the largest and slowest drop. Successive 
drops after the first ejected drop were significantly lower in 
Volume. However, to create a Smooth gray level ramp, it is 
desirable to have precisely the opposite effect, i.e., a Smaller, 
nearly imperceptible first drop, followed by Successive 
drops of larger cumulative Volume. In addition, drops with 
low velocity are undesirable because they cannot clear mild 
nozzle plugs and are easily misdirected by puddles on the 
nozzle member Surface. 

Another advantage of the present invention is that the 
design of the ink ejection chamber and ink inlet channel 
allows for high frequency ink refill of the ink ejection 
chamber. The ink ejection chamber refill frequency must at 
least equal to the ink ejection frequencies of 15 to 60 kHz. 
A further advantage of the present invention is that drop 

Velocity and Volume are much leSS Sensitive to ink Viscosity 
and Surface tension. Previous multi-drop architectures 
required higher viscosity ink (approximately 10 centipoise) 
and higher Surface tension (approximately 50 dyneS/cm), 
e.g., a 70% diethylene glycol/30% HO mix. Such inks also 
required the use of paper which is not acceptable for 
photographic quality imaging. The present invention can use 
inkS which have a Viscosity of approximately 1.5 centipoise 
and a Surface tension of approximately 25 dyneS/cm. This 
allows the use of a gelatin or voided media that closely 
resembles the paper used in the 35 mm film/photo industry. 
LeSS Sensitivity to ink properties also permits flexibility in 
designing an ink that will dry relatively quickly, but does not 
compromise Overall reliability. 

Other advantages of the present invention are: (1) indi 
vidual drops remain nearly constant in Volume for bursts of 
one to eight drops at high frequencies (this allows Smooth 
gray level ramps, which is a fundamental requirement in 
high quality imaging); (2) does not require ink Viscosity and 
dynamic Surface tension that are incompatible with imaging 
media, light fastness, water fastness, and dry time goals; (3) 
does not require multiple drops to merge in flight to form a 
Single larger drop; and (4) does not require varying pulse 
widths and timing between individual drops. 

Referring to FIGS. 9 and 10, the orifices 82 and ink 
ejection elements 96 in the nozzle member 79 of the 
printhead assembly are generally arranged in two major 
columns. The 192 orifices 82 and ink ejection elements 96 
are also arranged in adjacent groupings of eight to form 24 
primitives. Each ink ejection element can be uniquely iden 
tified by an address line and a primitive line. When using all 
192 nozzles the Swath width in the paper axis direction is 
0.320 inches. Other modes of operation allow the use of 160 
nozzles in 20 primitives and a Swath width of 0.267 inches, 
128 nozzles in 16 primitives and a swath width of 0.213 
inches and 96 nozzles in 12 primitives and a Swath width of 
0.160 inches. The use of these alternative modes of opera 
tion allow for higher ejection frequencies. For clarity of 
understanding, the orifices 82 and ink ejection elements 96 
and the primitives are conventionally assigned a number as 
shown in FIG. 9. Starting at the top right as the printhead 
assembly as viewed from the external Surface of the nozzle 
member 79 and ending in the lower left, the odd numbers are 
arranged in one column and even numbers are arranged in 
the Second column. Of course, other numbering conventions 
may be followed, but the description of the firing order of the 
orifices 82 and ink ejection elements 96 associated with this 
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numbering System has advantages. The orifices/ink ejection 
elements in each column are Spaced /300 of an inch apart in 
the long direction of the nozzle member. The orifices and ink 
ejection elements in one column are offset from the orifice/ 
ink ejection elements in the other column in the long 
direction of the nozzle member by /600 of an inch, thus, 
providing 600 dots per inch (dpi) printing when printing 
with both columns of nozzles. 

For a number of reasons, all of the nozzles 82 cannot be 
energized Simultaneously. That is, two adjacent nozzles are 
energized at Slightly different times. The objective is to 
obtain a rectangular array of dots printed on the print 
medium. However, if the timing of two nozzles is off (by the 
normal delay), then a placement error of vit will occur, 
where V is the Scan Velocity and t is the delay between firing 
two adjacent nozzles. If V*t is equal to an integral number 
of dot Spacings, then that can be corrected by firing an extra 
initial dot for the “late' nozzle. However, vit is normally 
Some fraction of the dot Spacing. There are Several methods 
for Solving this timing problem. 
One Solution to the timing problem, is to rotate the 

printhead slightly, as described more fully below. This 
architecture allows a plurality of ink ejection elements 96 to 
be all placed parallel to and at Substantially the same 
distance from the edge 114 of the substrate 88. Accordingly, 
the shelf length, or inlet channel length U, is the Same for all 
ink injection elements. This means the refill time for all ink 
ejection chambers is approximately the Same. 
The rotational angle () of the substrate 88 is equal to the 

angle () defined by the nozzle Stagger. If the nozzle spacing 
is D, then the sine of the angle () is equal to (v*t)/D. The 
angle of the cartridge rotation is the angle (), where () is 
arcsine (v*t)/D. 

There are at least two ways to provide this rotation. One 
is to rotate the die 88 on the print cartridge 18. This has the 
disadvantage that a special printhead assembly line must be 
provided to manufacture a cartridge with a rotated die. An 
easier method to implement is simply to rotate the entire 
cartridge 18 by reconfiguring the carriage 16 to hold the 
print cartridges 17 in the proper angular orientation with the 
cartridges 17 rotated about an axis of rotation from the side 
of the carriage 16 equal to the angle (). 

Another Solution to the timing problem is to provide a 
Small offset or Stagger between ink ejection chambers 94 
within a primitive. The orifices 82, while generally aligned 
in two major columns as described, are further arranged in 
an offset or Staggered pattern within each column and within 
each primitive. Within a single row or column of ink ejection 
elements, a Small offset is provided between ink ejection 
elements. The Stagger distance D between two nozzles is 
equal to Vt. This Small offset allows adjacent ink ejection 
elements 96 to be energized at slightly different times when 
the printhead assembly is Scanning acroSS the recording 
medium. There are different offset locations, one for each of 
the address lines discussed below. This stagger helps to 
minimize current/power requirements associated with the 
firing ink ejection elements by energizing the ink ejection 
elements at different times. Thus, although the ink ejection 
elements are energized at different times, the offset allows 
the ejected ink drops from different nozzles to be placed in 
the same horizontal position on the print media. However, 
with this offset or Stagger, the inlet channel length, U, is not 
the same for all ink injection elements. This means the refill 
time for all ink ejection chambers is also not the same. 

Further details on the above-described methods are pro 
vided in U.S. patent application, Ser. No. 08/608,376, filed 
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Feb. 28, 1996, entitled “Reliable High Performance Drop 
Generator For an Inkjet Printhead,” which is herein incor 
porated by reference. 

The present invention provides an improved method for 
Solving the timing problem by providing burst ejection 
frequencies which are much greater than the base frequency 
required by the Velocity of the printer carriage and the dot or 
pixel Spacing. AS discussed in detail below, it is very 
important for high quality printing using multi-drop merge 
on media printing that each of the drops ejected in the burst 
of pulses have the Same drop Volume. The most important 
factor in obtaining this equal drop Volume for each of the 
drops is high Speed ink refill of the ejection chamber and 
minimal chamber-to-chamber variations in ink refill Speed 
for the different ink ejection chambers 94. This high speed 
refill with minimal variations can best be accomplished by 
having a Straight line of ink ejection elements/nozzles with 
no Stagger. In addition, with the present invention it is not 
necessary to rotate the Substrate as discussed above, because 
the Stagger error is very Small due to the rapid cycle time 
through the address lines. This high firing frequency also 
allows the placement of multiple drops on a pixel and 
adjustment of time of ejection to correct for dot placement 
errors. Further details are provided in U.S. Pat. No. 5,923, 
344, filed Feb. 6, 1997, entitled “Fractional Dot Column 
Correction for Scan Axis Alignment During Printing.” 
which is herein incorporated by reference. 

Referring now to the electrical schematic of FIG. 11, the 
interconnections for controlling the printhead assembly 
driver circuitry include Separate address Select, primitive 
Select and primitive common interconnections. The driver 
circuitry of this particular embodiment comprises an array of 
24 primitive lines, 24 primitive commons, and eight address 
select lines to control 192 ink ejections elements. The ink 
ejection elements 96 are organized as twenty-four primitives 
(See FIG. 9) and eight address lines. Specifying an address 
line and a primitive line uniquely identifies one particular 
ink ejection chamber 94 and ink ejection element 96 of the 
192 possible. Shown in FIG. 11 are all eight address lines 
(A1-A8), but only six (PS1-PS6) of the 24 primitive select 
lines and only six (G1-G6) of the 24 primitive commons. 
The number of nozzles within a primitive is equal to the 
number of address lines, or eight, in this particular embodi 
ment. Any other combination of address lines and primitive 
Select lines could be used, however, it is important to 
minimize the number of address lines in order to minimize 
the time required to cycle through the address lines. Another 
embodiment uses an array of 11 address Select lines, 28 

Each ink ejection element 96 is controlled by its own FET 
drive transistor, which shares its control input address Select 
(A1-A8) with twenty-three other ink ejection elements. 
Each ink ejection element is tied to other ink ejection 
elements by a common node primitive select (PS1-PS24). 
Consequently, firing a particular ink ejection element 
requires applying a control Voltage at its address Select 
terminal and an electrical power Source at its primitive Select 
terminal. Only one address Select line is enabled at one time. 
This ensures that the primitive Select and group return lines 
Supply current to at most one ink ejection element at a time. 
Otherwise, the energy delivered to a heater ink ejection 
element would be a function of the number of ink ejection 
elements 96 being energized at the Same time. 

FIG. 12 is a Schematic diagram of an individual ink 
ejection element and its FET drive transistor. As shown, 
address Select and primitive Select lines also contain tran 
Sistors for draining unwanted electroStatic discharge and a 
pull-down resistor to place all unselected addresses in an off 
State. 
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The address Select lines are Sequentially turned on via 

printhead assembly interface circuitry according to a firing 
order counter located in the printer and Sequenced 
(independently of the data directing which ink ejection 
element is to be energized) from A1 to A8 when printing 
form left to right and from A8 to A1 when printing from right 
to left. The print data retrieved from the printer memory turn 
on any combination of the primitive select lines. Primitive 
Select lines (instead of address Select lines) are used in the 
preferred embodiment to control the pulse width. Disabling 
address Select lines while the drive transistors are conduct 
ing high current can cause avalanche breakdown and con 
Sequent physical damage to MOS transistors. Accordingly, 
the address Select lines are “set before power is applied to 
the primitive Select lines, and conversely, power is turned off 
before the address Select lines are changed as shown in FIG. 
13. 

In response to print commands from the printer, each 
primitive is Selectively energized by powering the associated 
primitive Select interconnection. To provide uniform energy 
per heater ink ejection element only one ink ejection element 
is energized at a time per primitive. However, any number 
of the primitive Selects may be enabled concurrently. Each 
enabled primitive select thus delivers both power and one of 
the enable signals to the driver transistor. The other enable 
Signal is an address signal provided by each address Select 
line only one of which is active at a time. Each address Select 
line is tied to all of the Switching transistorS So that all Such 
Switching devices are conductive when the interconnection 
is enabled. Where a primitive Select interconnection and an 
address Select line for a heater ink ejection element are both 
active simultaneously, that particular heater ink ejection 
element is energized. Thus, firing a particular ink ejection 
element requires applying a control Voltage at its address 
Select terminal and an electrical power Source at its primitive 
Select terminal. Only one address Select line is enabled at 
one time. This ensures that the primitive Select and group 
return lines Supply current to at most one ink ejection 
element at a time. 

Otherwise, the energy delivered to a heater ink ejection 
element would be a function of the number of ink ejection 
elements 96 being energized at the Same time. 
The ability to eject multiple individual ink drops at a high 

frequency is determined by the (1) minimum time to 
Sequence through address lines, (2) ejection chamber refill 
time, (3) drop Stability and (4) maximum data transmission 
rates between the printer and print cartridge. Designing the 
printhead with a Small number of address lines is a key to 
high Speed ink ejection by reducing the time it takes to 
complete the Sequence through address lines. Since there are 
fewer nozzles within each primitive than on prior printhead 
designs, the ejection frequency of a Single nozzle can be 
much higher. Also, as discussed above, the Swath width can 
be programmed to use fewer nozzles and allow for even 
higher ejection rates. 

There are two frequencies associated with multi-drop 
printing. They are defined as a base frequency (F) and a burst 
frequency (f). The base frequency is established by the 
Scanning carriage Speed in inches per Second multiplied by 
the resolution or pixel Size in dots per inch. The base period 
for a pixel is equal to 1/F. For example, for a carriage speed 
of 20 inches/sec and 600 dots per inch (dpi) printing: 

Base Frequency=F=(20 inches/sec)x600 dpi=12,000 dots/sec=12 
kHz, 

Base Period=1/F=/12,000=83.33 microseconds 
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The burst frequency, f, is always equal to or greater than the 
base frequency, F. The burst frequency is related to the 
maximum number of drops to be deposited on any Single 
pixel in a single pass of the Scanning carriage. The maximum 
number of drops that can be deposited on a pixel in one pass 
(see discussion of Subcolumns below) is equal to the number 
of address lines. Thus, the burst frequency is equal to the 
base frequency multiplied by the maximum number of drops 
to be placed in a given pixel in a single pass. Therefore, for 
the base frequency of 12 kHz in the example above, if 4 
drops are to be placed in a pixel, the burst frequency would 
need to be approximately 48 kHz and for 8 drops it would 
need to be approximately 96 kHz. If 96 kHz is too high a 
frequency for the ink ejection chamber to operate, the 
carriage speed could be reduced to 10 inches per Second 
which reduces the base frequency to 6 kHz and the burst 
frequency for 8 drops to 48 kHz. 

The approximate maximum burst frequency is determined 
from the following equation: 

maximumburst frequency 

1 

(No. of Addresses)(Ejection Pulse Width + Delay) 

AS the number of address lines decrease and ejection pulse 
width decreases, the maximum frequency increases. A mini 
mum burst frequency of 50 kHz is guaranteed if there are 
eight address lines and ejection pulse widths less than 2.125 
microSeconds. 

FIG. 14 shows the firing Sequence when the print carriage 
is Scanning from left to right. The firing Sequence is reversed 
when Scanning from right to left. A base period is the total 
amount of time required to activate all of the address lines, 
and to prepare to repeat the process. Each address period 
requires a pulse width time and a delay time which can 
include time to prepare to receive the data, and a variable 
amount of delay time applied to the data Stream. The result 
of the number of address lines times the pulse width plus 
delay time generally consumes most of the total available 
base period. Any time left over is called the address period 
margin. 

Referring to FIGS. 14 and 15, the base period (1/F) is 
determined by the Scan Velocity of the carriage and the base 
resolution or pixels per inch. The number of Sub-columns 
per pixel is defined by the total number of drops ejected on 
the pixel. For example, a carriage Scan Speed of 20 inches/ 
Second means that for each 600 dpi pixel, the base period, 
1/F is (/20 inches/sec)x(/600 dots/inch)=83.33 microseconds. 
If there are 4 sub-columns for each 600 dpi pixel or 
“column,” (i.e., the number of drops per 600 dpi pixel), a 
total of (83.33 microseconds)/(4 ejection periods)=20.83 
microSeconds are available for each burst period. Dividing 
this time by the number of address lines (20.83 
microSeconds)/(8 address lines)=2.60 seconds/address line 
gives the maximum time available for each of the 8 address. 
The total of the pulse width and delay times must be less 
than this time period. The address period margin shown in 
FIG. 14 is to prevent address Select cycles from Overlapping 
by allowing for Some amount of carriage Velocity instability. 
The address period margin is Set to a minimal acceptable 
value. 

Referring to FIG. 15, shown are the sub-columns for 4 
dropS/column and 8 dropS/column which correspond to 
virtual resolutions of 2400 and 4800 dpi, respectively, or to 
burst frequencies of 48 and 96 kHz, respectively for a 
carriage Speed of 20 inches per Second. For 4 dropS/column 
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and 8 drops/column the 8 address lines are cycled through 4 
and 8 times, respectively. Other numbers of Sub-columns 
and the corresponding Virtual resolutions are also possible 
such as: 1 drop/column (600 dpi), 2 drops/column (1200 
dpi), 3 drops/column (1800 dpi), 5 drops/column (3000 dpi), 
6 drops/column (3600 dpi) and 7 drops/column (4200 dpi), 
where a column refers to a 600 dpi pixel. The virtual 
resolutions of 1200, 1800, 2400, 3000, 3600, 4200 and 4800 
dpi correspond to burst frequencies of 24, 36, 48, 60, 72, 84 
and 96 kHz, respectively, for a base frequency of 12 kHz. If 
the carriage Scan Velocity is reduced, the base frequency and 
burst frequency are reduced accordingly. Thus, the Virtual 
resolution of the printer is determined by the number of 
drops ejected in each 600 dpi pixel in physical Space or 
within the base time period (1/F) in temporal space. 

In prior printheads, an entire column of data is assembled 
in printer logic and the printer itself controls the Sequence of 
firing the printhead address and primitive lines which were 
demultiplexed as described above. With the present print 
head having integrated logic on the printhead, data is trans 
mitted to the printhead and the printhead decodes this data 
into address and primitive ejection control. Data for all 8 
address lines must be sequentially Sent to the printhead for 
each Sub-column. In the time domain, this is one ejection 
period as shown in FIG. 14. In the physical location domain, 
this is called one Sub-column as shown in FIG. 15. The 
Swath Velocity of the printhead across the media is deter 
mined by the number of ink drops to be deposited on each 
pixel. 

FIG. 16, shows the large improvement in print quality due 
to the novel printhead design of the present invention which 
uses a nozzle member with reduced thickness. AS shown in 
FIG. 17, the printhead design of the present invention 
creates a nearly constant drop Volume for each of the high 
frequency bursts, unlike prior efforts to develop a useful 
multi-drop architecture wherein the first drop was the largest 
drop Successive drops became Smaller. Since the cumulative 
drop Volume increases linearly with the burst count, the high 
frequency bursts can modulate the cumulative drop Volume 
on the media by Selecting the number of drops to be placed 
on any one pixel. 

Previous methods Such as multi-pass printing put more 
than one drop from a given printhead on a pixel, but these 
drops are placed on the pixel on Separate passes. The 
disadvantages of this approach are: (1) throughput is com 
promised because a separate pass is required for each drop 
placed from a given printhead onto a pixel, (2) in areas of 
high density printing, drops are put into every pixel on every 
pass which leads to dot coalescence which degrades image 
quality, and (3) it is an inefficient way to cover white space 
in the midtone regions of the tone Scale where slight drop 
placement variations are required to fill in white Space. This 
is difficult when multiple drops are placed on a pixel in 
Separate passes, because the dots formed by each pass may 
land on top of each other. 
The printhead architecture of the present invention allows 

the use of multi-drop merge on media printing. The ability 
to achieve good tone Scale is crucial to achieving photo 
graphic image quality. In the highlight region of the tone 
Scale, nearly invisible dots and lack of grainineSS are 
required. Areas of Solid fill require larger visible dots with 
Saturated colors, high optical density and no white Space. 

In multi-drop printing, individual drops merge on the 
media to form a composite drop of the individual drops. This 
printing method is an efficient way to create high quality 
images at high throughput. Highlight regions are formed by 
using Single drops to form a dot. Individual drops are nearly 
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invisible and can be used to form highlights with low 
graininess. AS the density of the image increases, multi-drop 
dots are formed with two or more drops merging on the 
media. By allowing drops to merge together on media in a 
given pass, white Space is more efficiently covered than with 
previous approaches. FIG. 18 shows the difference in build 
ing up dot coverage by laying down multiple drops in one 
pass and multi-pass printing where the drops are laid down 
in Separate passes. 

In multi-drop printing, a high frequency burst of drops is 
ejected from a printhead. These drops merge on the media to 
form a larger cumulative drop or dot. The size of a dot is 
determined by the number of drops deposited in the burst 
and by ink/media interactions. FIG. 19 shows an example of 
the Volume, Size and shape of the composite drop on the 
media for multi-drop and Single drop multi-pass printing. 
This example used from one to four drops on a pixel and 
used the same printhead and media with only the printmode 
and firing frequency being changed. AS can be seen in FIG. 
20, much more efficient dot growth on the media is achieved 
with multi-drop printing verSuS multipaSS printing. FIG. 21 
shows another example of the Volume, Size and shape of the 
composite drop or multi-drop dots that are formed by one to 
eight individual drops merging using 5.5 picoliter individual 
drops. FIG. 22 shows dot size growth from one to eight 
drops for two different ink systems. The top line is for a 
dye-based ink with an individual drop volume of 5.5 picoli 
ters. The bottom line is for a pigment-based ink with an 
individual drop volume of 3.0 picoliters. The essential 
requirement of multi-drop printing is a high ink ejection 
frequency. Highlight regions of the tone Scale are formed by 
using Single drop to form a dot. AS the density of the image 
increases, multi-drop dots are utilized with two or more 
drops merging on the media. 

While particular embodiments of the present invention 
have been shown and described, it will be obvious to those 
skilled in the art that changes and modifications may be 
made within departing from this invention in its broader 
aspects and, therefore, the appended claims are to encom 
pass within their Scope all Such changes and modifications as 
fall within the true spirit and scope of this invention. 
What is claimed is: 
1. A method for printing comprising: 
Supplying ink from an ink reservoir through an ink 

channel connecting Said ink reservoir withink ejection 
chambers formed on a first Surface of a Substrate, Said 
ink channel connected at a first end to Said ink reservoir 
and at a Second end to a separate inlet passage for 
refilling each of Said ink ejection chambers with ink, a 
group of Said ink ejection chambers in adjacent rela 
tionship forming one of a plurality of primitives on Said 
first Surface of Said Substrate in which only a maximum 
of one of Said ink ejection chambers of each of Said 
primitives is energized at a time; 

energizing an ejection element formed on Said first Sur 
face of Said Substrate within one of Said ink ejection 
chambers to cause a plurality of ink drops to be ejected 
from Said one of Said ink ejection chambers onto a 
media Surface at a single pixel location in a Single pass 
of Said Substrate over Said media Surface, wherein Said 
ink ejection chambers are refilled with ink at approxi 
mately the same frequency that Said ink drops are 
ejected; and 

maintaining Said plurality of ink drops ejected as Substan 
tially Separate drops until Said plurality of ink drops 
merge upon impact with Said media Surface. 

2. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Substantially equal 
drop Volume. 
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3. The method of claim 1 where in Said energizing Step, 

each of Said plurality of ink drops has a volume of ink leSS 
than that required to fill the pixel. 

4. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Volume leSS than 10 
picoliters. 

5. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Volume less than 5 
picoliters. 

6. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Substantially equal 
Velocity. 

7. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Velocity greater than 
10 meters per Second. 

8. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Velocity greater than 
15 meters per Second. 

9. The method of claim 1 where in Said energizing Step, 
each of Said plurality of ink drops has a Substantially equal 
Volume and Velocity. 

10. The method of claim 1 where in Said energizing Step, 
Said plurality of ink drops are ejected at a frequency greater 
than 20 kHz. 

11. The method of claim 1 where in Said energizing Step, 
Said plurality of ink drops are ejected at a frequency greater 
than 35 kHz. 

12. The method of claim 1 where in Said energizing Step, 
Said plurality of ink drops are ejected at a frequency greater 
than 50 kHz. 

13. The method as claimed in claim 1 wherein said 
energizing Step ejects the plurality of ink drops at Substan 
tially constant drop Volume and drop Velocity between the 
frequencies of 15 to 60 kHz. 

14. The method as claimed in claim 1 wherein said 
energizing Step ejects the plurality of ink drops at Substan 
tially constant drop volume of 3 to 5 picoliters and drop 
Velocity of greater than 10 meters per Second. 

15. A method for printing, comprising: 
Supplying ink from an ink reservoir through an ink 

channel connecting Said ink reservoir with ink ejection 
chambers formed on a first Surface of a Substrate, Said 
ink channel connected at a first end to Said ink reservoir 
and at a Second end to a separate inlet passage for each 
of Said ink ejection chambers, a group of Said ink 
ejection chambers in adjacent relationship forming one 
of a plurality of primitives on Said first Surface of Said 
Substrate in which only a maximum of one of Said ink 
ejection chambers for each of Said primitives is ener 
gized at a time; 

energizing first circuit means on Said Substrate connected 
to an ink ejection element within each of Said ink 
ejection chambers, Said first circuit means applying a 
primitive Select Signal to one or more of Said primitives 
to enable Said one or more of Said primitives, and 
applying addressing Signals to enable a maximum of 
one ink ejection element in each of Said enabled Said 
one or more of Said primitives to cause a plurality of ink 
drops to be ejected from one of Said ink ejection 
chambers onto a media Surface at a single pixel location 
in a Single pass of Said Substrate over Said media 
Surface at Substantially constant ink drop Velocity and 
ink Volume, and 

maintaining Said plurality of ink drops ejected as Substan 
tially Separate drops until Said plurality of ink drops 
merge upon impact with Said media Surface. 

16. The method of claim 15 where in said energizing step, 
each of Said plurality of ink drops has a volume of ink leSS 
than that required to fill the pixel. 
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17. The method of claim 15 where in said energizing step, 
each of Said plurality of ink drops has a Volume less than 10 
picoliters. 

18. The method of claim 15 where in said energizing step, 
each of Said plurality of ink drops has a Volume less than 5 
picoliters. 

19. The method as claimed in claim 15 wherein said step 
of energizing first circuit means includes a step of energizing 
a demultiplexer. 

20. The method of claim 15 where in said energizing step, 
each of Said plurality of ink drops has a Velocity greater than 
10 meters per Second. 

21. The method of claim 15 where in Said energizing Step, 
each of Said plurality of ink drops has a Velocity greater than 
14 meters per Second. 

22. The method as claimed in claim 15 wherein said step 
of energizing first circuit means includes a step of energizing 
a logic circuit. 

23. The method of claim 15 where in said energizing step, 
Said plurality of ink drops are ejected at a frequency greater 
than 20 kHz. 

24. The method of claim 15 where in Said energizing Step, 
Said plurality of ink drops are ejected at a frequency greater 
than 35 kHz. 

25. The method of claim 15 where in said energizing step, 
Said plurality of ink drops are ejected at a frequency greater 
than 50 kHz. 

26. The method of claim 15 where in said supplying step, 
the Separate inlet passage for each of the ink ejection 
chamber allows high frequency refill of the ink ejection 
chambers at approximately the same frequency that Said ink 
drops are ejected. 

27. The method of claim 15 further including the step of 
energizing Second circuit means external to Said Substrate 
and coupling energizing Signals on Said Second circuit 
means to electrodes on Said first circuit means. 

28. The method of claim 27 where in said energizing step, 
Said first circuit means is wholly formed on Said first Surface 
of Said Substrate Such that Said Second circuit means contacts 
Said electrodes of Said first circuit means located only on 
Said first Surface of Said Substrate. 

29. The method as claimed in claim 15 wherein said 
energizing Step ejects the plurality of ink drops at Said 
Substantially constant drop Volume and Velocity between the 
frequencies of 15 to 60 kHz. 

30. The method as claimed in claim 15 wherein said 
energizing Step ejects the plurality of ink drops at Said 
substantially constant drop volume of 3 to 5 picoliters and 
drop velocity of greater than 10 meters per Second. 

31. A method for printings comprising: 
providing a Scanning carriage, Said Scanning carriage 

having a given Velocity and a given pixel size, Said 
Velocity and Said pixel Size defining a base frequency; 

providing a Substrate in Said Scanning carriage, Said 
Substrate having a plurality of individual ink ejection 
chambers on a first Surface of Said Substrate and having 
an ink ejection element in each of Said ink ejection 
chambers for ejecting ink drops, 

Supplying ink from an ink reservoir thorough an ink 
channel connecting Said ink reservoir with Said ink 
ejection chambers formed on the first Surface of Said 
Substrate, Said ink channel connected at a first end with 
Said ink reservoir and at a Second end to a separate inlet 
passage for each of Said ink ejection chambers, a group 

15 

25 

35 

40 

45 

50 

55 

60 

20 
of Said ink ejection chambers in adjacent relationship 
forming one of a plurality of primitives on Said first 
Surface of Said Substrate in which only a maximum of 
one of Said ink ejection chambers for each of Said 
primitives is energized at a time; 

energizing first circuit means on Said Substrate connected 
to Said ink ejection element within each of Said ink 
ejection chambers at a burst frequency equal to or 
greater than Said base frequency, Said first circuit means 
applying a primitive Select Signal to one or more of Said 
primitives to enable Said one or more of Said primitives, 
and applying addressing Signals to enable a maximum 
of one ink ejection element in each of Said enabled Said 
one or more of Said primitives to cause a plurality of ink 
drops to be ejected from one of Said ink ejection 
chambers at the burst frequency onto a media Surface at 
a single pixel location in a single pass of Said Scanning 
carriage over Said media Surface at Substantially con 
Stant drop Velocity and drop Volume; and 

maintaining Said plurality of ink drops ejected as Substan 
tially Separate drops until Said plurality of ink drops 
merge upon impact with Said media Surface. 

32. The method of claim 31 where in Said energizing Step, 
each of Said plurality of ink drops has a volume of ink leSS 
than that required to fill the pixel. 

33. The method of claim 31 where in said energizing step, 
each of Said plurality of ink drops has a Volume leSS than 10 
picoliters. 

34. The method of claim 31 where in said energizing step, 
each of Said plurality of ink drops has a Volume less than 5 
picoliters. 

35. The method of claim 31 where in said energizing step, 
Said plurality of ink drops are ejected at a burst frequency 
greater than 15 kHz. 

36. The method of claim 31 where in said energizing step, 
Said plurality of ink drops are ejected at a burst frequency 
greater than 25 kHz. 

37. The method of claim 31 where in said energizing step, 
Said plurality of ink drops are ejected at a burst frequency 
greater than 35 kHz. 

38. The method of claim 31 where in said energizing step, 
the burst frequency is four times the base frequency. 

39. The method of claim 31 where in said energizing step, 
the burst frequency is eight times the base frequency. 

40. The method of claim 31 where in said supplying step, 
the Separate inlet passage for each ejection chamber allows 
high frequency refill of the ink ejection chamber at approxi 
mately the same frequency that Said ink drops are ejected. 

41. The method as claimed in claim 31 wherein said step 
of energizing first circuit means includes a step of energizing 
a demultiplexer. 

42. The method as claimed in claim 31 wherein said step 
of energizing first circuit means includes a step of energizing 
a logic circuit. 

43. The method as claimed in claim 31 wherein said 
energizing Step ejects the plurality of ink drops at Said 
Substantially constant drop Volume and Velocity between the 
frequencies of 15 to 60 kHz. 

44. The method as claimed in claim 31 wherein said 
energizing Step ejects the plurality of ink drops at Said 
substantially constant drop volume of 3 to 5 picoliters and 
drop velocity of greater than 10 meters per Second. 
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